Solvent extraction of chromium(VI) with trialkylamine (N235) using kerosene/n-heptane as the diluent was investigated. The basic conditions for Cr(VI) extraction have been explored, and the influence of coexisting contaminants on extraction has been evaluated. The results indicated that the separation of Cr(VI) could be realized with N235, and the recovery rate could be increased by adding organophosphorus-tributyl phosphate as the modifier due to the strong bonding force of synergistic extraction. However, the inorganic phosphorus could inhibit the chemical reaction between tertiary amine and Cr(VI) ions owning to the competition of the limited adsorption sites. Besides, inorganic anions such as massive SO 4 2À and NO 3 À could inhibit extraction of metal ions because of competition coordination. In addition, the separation of Cr(VI) from coexisting metal ions could be achieved with trialkylamine except Fe 2þ due to its reducibility. Based on the results, the feasibility of pseudoemulsion based hollow fiber strip dispersion used for separation and recovery of Cr(VI) has been evaluated, and the transport properties of Cr(VI) and coexistence with interfering ions have been explored.
INTRODUCTION
Cr(VI) is toxic to organisms and difficult to biodegrade.
Besides, it can accumulate inside the bodies of humans, animals and plants and spread through the food chain, existing as a threat to ecosystems (Garg et al. ) . Heavy metal toxicity can be described as 'murder by slow knife' and 'biological time bomb'. As a typical heavy metal element, Cr(VI) is widely used in the fields of leather, electroplating, metallurgy, printing, and the coating industry, and a large amount of wastewater is mostly discharged directly without appropriate recovery and treatment, which can bring about serious pollution to the environment. Thus, it is urgent to eliminate the hazards and realize the reuse of metal ions (Zhitkovich  Kislik ).
Within the idea of green chemistry, the expensive and toxic extraction reagent becomes a bottleneck to utilization in the fields of separation. Therefore, the design of an efficient and economical extraction system is imperative. In addition, whether the coexisting contaminants could interfere with the extraction reaction and the action principles is the cornerstone in the exploration of technology applications.
Furthermore, it is also imperative to explore whether the contaminants could react with extractants and thus disturb the transport of Cr(VI). The objective of this work is to investigate the characteristic of tertiary amine N235 in kerosene/n-heptane, and TBP as modifier on the extraction of Cr(VI 
MATERIALS AND METHODS

Instruments and reagents
Reagents 
Hollow fiber module
The hollow fiber device designed with polyvinylidenefluoride material was obtained from Tianjin Polytechnic University. The module inner and outer fiber diameters are 0.80 mm and 0.15 mm, respectively. The bore diameter of the hollow fiber is 0.16 μm and the porosity is 82-85%.
The fiber length is 22 cm and the number of fibers in the module is 100. The thickness and active interfacial area of the membrane are 0.18 mm and 0.05 m 2 , respectively.
Experimental method
Solvent extraction method
Potassium dichromate is used to prepare the Cr(VI) solution of hydrochloric acid, of which pH is 1.0, and C 0 [Cr(VI)] is
The extractant used is 0.0032 mol L À1 tertiary amine N235 unless otherwise stated, kerosene or n-heptane is used as the diluent, and TBP as a modifier to investigate the recovery rate of Cr(VI) ions. Under the condition of 25 W C, V aq and V o was mixed into the flask by 1:1, then put into a thermostatic water bath oscillator, and subjected to oscillation for 15 minutes at a speed of 145 rpm. Then, the solution was put into a separatory funnel for separation, and when the extraction equilibrium was reached, the lower solution was taken, of which the concentration of Cr(VI), C t , was measured, while Cr(VI) concentration in the organic solution was calculated by mass balance
The calculation formulae of distribution coefficients and extraction rates of Cr(VI) are shown in Equations (1) and (2).
The PEHFSD is comprised of a single membrane module for extraction and stripping. The view of PEHFSD using a single contactor in recirculation mode is shown in Figure 1 pore, and the organic solution in pseudo-emulsion was loaded on the pore of hollow fiber to form a stable membrane. The metal ions selectively transport into the liquid membrane and move into sodium hydroxide solution in pseudo-emulsion to realize ions separation. The differential pressure was always kept below the breakthrough pressure and transmembrane pressure was maintained at 0.2 × 10 5 Pa (0.2 bar) between aqueous solution and pseudo-emulsion solution. The stirring rate of the pseudo-emulsion solution using the mechanical stirrer was kept at 120 rpm.
Analysis method
Optima·5300DV Plasma Atomic Emission Spectrometry was used to analyze the metal ions concentration; Diphenylcarbazide hydrazine method was used to analyze the Cr(VI)
ions concentration by 722 UV-vis Spectrophotometer;
ADVANCE III 400 MHz NMR Nuclear Magnetic Resonance Spectrometer was used to characterize the structure of trialkylamine.
RESULTS AND DISCUSSION
Hydrogen nuclear magnetic resonance spectra of tertiary amine
Hydrogen nuclear magnetic resonance (H-NMR) is used to characterize the structure of tertiary amine N235, of which the nuclear magnetic resonance spectra are shown in Figure 2 . From the structural analysis based on nuclear magnetic resonance spectra and tables of chemical shift, it can be seen that the chemical shift of R 3 N is 2.12-2.34 ppm.
The chemical shift of methylene (-CH 2 ) is 1.3 ppm and methyl (-CH 3 ) is 0.9 ppm. Characterization of trialkylamine structure by NMR is consistent with its structural formula
The basic conditions for Cr(VI) extraction
Effect of the concentration of trialkylamine
The influence of N235 concentration on extraction of Cr(VI)
with kerosene/n-heptane as diluent has been explored and the results are shown in Figure 3 . Results indicated that the recovery rate of metal ions improved with the increase of extractant concentration. Extraction equilibrium could be reached with 0.0048 mol L À1 N235 diluent in kerosene or n-heptane and the distribution coefficients are more than 100. However, it has been reported that the extractive property of quaternary ammonium salt Aliquat 336 is superior to tertiary amine Alamine 336 (El-Hefny ).
To verify whether this conclusion is correct between Aliquat 336 and N235, the effect of Aliquat 336 on Cr(VI) extraction has been evaluated. Results indicated that the distribution coefficients with 0.01 mol L À1 Aliquat 336 diluent in kerosene or n-heptane are 9.45 and 11.17, respectively. The recovery rates of Cr(VI) are approximately 92%. Based on the above conclusions, trialkylamine is used as an extractant in this work since the solubility and distribution coefficient are better than Aliquat 336 which is widely used internationally as an extractant for Cr(VI). Therefore, choosing N235 as the extractant to extract Cr(VI) ions can not only save consumption, but also is economical.
Effect of pH
Kerosene/n-heptane is used as diluent and 0.0032 mol L À1 tertiary amine N235 as extractant to explore the recovery rate of 0.1 g L À1 Cr(VI) under different pH ranging from 0.5 to 6. The extraction rate decreased with the increase of pH value. The reason for this is that Cr(VI) ions exist as anions (3) and (4). With the increase of pH value, the concentration of H þ declines, and thus the concentration of the R 3 NHCl that can react with hexavalent chromium anions to achieve separation decreases. Results in Figure 4 show that the optimum pH is 1.0.
where R 3 N (org) , HX, R 3 NHX (org) and B nÀ (aq) denote the tertiary amine N235, inorganic acids, ammonium salt in the organic solution, and metal anions, respectively.
Effect of TBP
Kerosene/n-heptane is used as diluent and tertiary amine N235 as extractant to explore the influence of TBP on the extraction of Cr(VI). The results are illustrated in but also slightly improve the homogenization rate of solution.
Extraction behavior of Cr(VI) and coexistence with interfering ions by solvent extraction method
Extraction behavior of Cr(VI) with coexisting phosphate ions
The effect of inorganic phosphorus on extraction has been evaluated. The anion exchange reaction between tertiary amine and Cr(VI) ions preferentially occurred with the concentration of phosphate ion lower than 0.06 mol L À1 . The extraction rate of Cr(VI) ions declines sharply when PO 4 3À concentration is between 0.08 and 0.1 mol L À1 ( Figure 6 ). This phenomenon is attributed to the competition of the limited adsorption sites on the surface of tertiary amine between the massive PO 4 3À ion and Cr(VI) ion due to the affinity between N235 and phosphate ions. In addition, the competition of adsorption sites of PO 4 3À slightly decreased due to the strong bonding force of synergistic extraction in the N235-TBP system.
Extraction behavior of Cr(VI) with coexisting sulfate ions and nitrate ions
To evaluate the role of inorganic anions on extraction of metal ions, an experiment has been designed. The results are illustrated in Figure 7 . Results indicated that the recov- (7) and (8). It is also indicated from Figure 7 that the recovery rate declined to 60% from 95% with N235 as the extractant, whereas in the N235-TBP system, the recovery rate decreased to 80% due to the strong bond- (Figure 7(b) ). HCrO 4 À , which can lead to anion exchange reaction with ammonium salt to achieve separation. Therefore, the separation could be achieved due to the specificity of trialkylamine for Cr(VI) ions. However, the recovery rate could be declined when Cr(VI) coexists with Fe 2þ , and its relationship with Fe 2þ ions concentration is a linear correlation ( Figure 8 ). The reason for this is that Fe 2þ can reduce Cr(VI) to Cr(III), and thus result in a decrease in the recovery rate of Cr(VI). The chemical reaction is shown in Equations (9) and (10). In addition, TBP can promote the reduction rate of Fe 2þ on Cr(VI). Its cause may be that the synergistic extraction of Fe 3þ with N235-TBP occurred at the pH value of 1.0, and thus resulted in the increase in reduction rate of hexavalent chromium due to the decrease of Fe 3þ ion concentration in Equations (9) and (10). To verify the feasibility of extraction of Cr(VI) with tertiary amine N235, the PEHFSD for separation and recovery of Cr(VI) ions has been evaluated. This work was carried out using feed phases of 0.01 g L À1 Cr(VI) in 0.1 mol L À1 HCl, whereas the pseudo-emulsion phase was composed of an organic solution of 1% (0.02 mol L À1 ) N235 in kerosene or n-heptane with TBP as the modifier and 1.0 mol L À1 sodium hydroxide or 10 g L À1 hydrazine sulfate as the stripping solution. The results are displayed in Figure 9 . It is indicated from Figure 9 that 94% of the metal ions in simulated wastewater transport into the liquid membrane, and metal transport is not significantly influenced by the stripping phase composition. Cr(VI) stripping from metalloaded N235 organic solutions with hydrazine sulfate solutions can be related to the reduction, and the recovery rate of Cr(III) is about 78.6%. However, the recovery rate of Cr(VI) is more than 90% with 1 M NaOH as the strippant in different organic solutions and the regenerated solvent could be reused in succeeding separation and recovery of Cr(VI). Thus, NaOH is suitable as the re-extraction solution.
In addition, the turbid liquid could be formed with kerosene as the diluent and the difficulties in delamination could result in difficulties for regeneration of the carrier. Besides, the difficulties in delamination with 0.145 mol L À1 TBP as the modifier are also obvious. Based on the above discussion, the optimum reaction conditions are that 1.0 mol L À1 NaOH is used as the strippant and tertiary amine N235 diluent in n-heptane as the organic solution in the pseudoemulsion phase. The pseudo-emulsion could separate rapidly when mixing in the tank is stopped. The regenerated solution is exhibited in Figure 10 . The results indicated that the organic solution could be reused and closed circulation could be realized. In conclusion, it is reasonable to use tertiary amine N235 diluent in n-heptane as the extraction solution for the separation and recovery of Cr(VI) with the PEHFSD technique. This technology is a promising alternative to conventional methods.
Extraction behavior of Cr(VI) with coexisting phosphate ions
The influence of inorganic phosphorus on extraction has been investigated with the PEHFSD technique. The results are illustrated in Figure 11 . Results also indicated that the would also inhibit the diffusion of Cr(VI) ions into the Figure 12 . It is also indicated that the metal permeability decreases with the increase of anions (SO 4 2À , NO 3 À ) due to the competition for adsorption sites between inorganic anions and Cr(VI).
Besides, the trends were basically identical to the data obtained from solvent extraction.
Extraction behavior of Cr(VI) with coexisting metal ions
The influence of coexisting metal ions on Cr(VI) ions transport was investigated with PEHFSD. The results are illustrated in 
CONCLUSIONS
Extraction behavior of Cr(VI) and coexistence with contaminants by trialkylamine using kerosene/n-heptane as the diluent and TBP as the modifier was investigated.
According to the results, 0.145 mol L À1 TBP can not only improve extraction rate, but can also not disturb the homogenization rate of the organic solution. The competition coordination of inorganic anions such as SO 4 2À , NO 3 À and PO 4 3À with Cr(VI) ions resulted in the decrease of the extraction rate. Besides, N235 has specificity for Cr(VI) extraction in acid solution, and is able to achieve Cr(VI) separation with its coexisting metal cations (Cd 2þ , Ni 2þ , Cu 2þ , Zn 2þ , Fe 3þ , Mn 2þ , Pb 2þ ) except for Fe 2þ ions. In addition, it is proved that the PEHFSD can realize the separation of Cr(VI) by trialkylamine using n-heptane as the diluent.
Extraction behavior of Cr(VI) and coexistence with interfering ions was basically identical to the data obtained from solvent extraction. This technology is a promising alternative to conventional methods.
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